Abstract: The aim of the study was to evaluate the effects of coniferous forest cover in the catchment basin and relative catchment area (catchment area to lake volume ratio) on phytoplankton composition in humic lakes. The study was carried out in 11 small and shallow lakes situated in the West Polesie region (Eastern Poland). The lakes were divided with respect to forest cover in their catchment basins into two groups: high forest cover -HFC (more than 60%) and low forest cover -LFC (less than 60%). The study showed that both, land use in the catchments (proportion of forests) and the relative catchment area determined physicochemical and biological parameters in the lakes. The high relative catchment area affects their high productivity expressed by high chlorophyll a concentration and low water visibility. The lakes of the LFC group had low water colour as well as high concentration of total phosphorus (Ptot), reaction (pH), and conductivity of water and a large number of cyanophytes and chlorophytes. The dominant species, e.g., Planktolyngbya limnetica, Limnothrix planctonica, Planktothrix agardhii, Coenococcus planctonicus, were characteristic of high trophic status. In the lakes of the HFC group, Ptot, pH, conductivity of water and the contribution of cyanophytes and chlorophytes was considerably lower, whereas the water colour and the number of raphidophytes represented by Gonyostomum semen was high. The large number of raphidophytes and the small amount of chlorophytes and cyanophytes in the lakes of the HFC group indicated the lake naturalness.
Introduction
Catchment basins of many lakes are currently affected by human activity. The alterations of natural catchments, e.g. deforestation, an increase in agricultural areas and buildings lead to a large inflow of nutrients into lakes, an increase in the water fertility and productivity (Wetzel 2001) . The effect of these processes are changes in the structure of biocenoses, e.g. a decrease in biodiversity, changes in the phytoplankton community, in which cyanophytes or chlorophytes often take over the dominance (Reynolds 2006) .
A large area of coniferous forests and peatlands in the catchment of lakes is often a cause of increased supply of humic substances to water (Irfanullah 2009; Klimaszyk & Rzymski 2011) . Such water bodies, called humic lakes, have yellow-brown or brown colour of water, low transparency, low water reaction and low calcium concentration (Górniak 1996; Wojciechowski 1999) . Due to high amount of humic substances, which bind to nutrients as insoluble complexes, these lakes are usually nutrient-poor and were defined as dystrophic. Low fertility, productivity and biodiversity of these aquatic environments are the symptoms of this process (Jones 1992; Wetzel 2001) . The phytoplankton community in these lakes is often dominated by mixotrophic flagellates, including raphidophytes, which are able to prey on bacteria or other algae (Salonen & Jokinen 1988; Willén 2003; Rengefors et al. 2008; .
Nevertheless, high content of nutrients is often observed in some humic lakes. Their source may be the forest itself or intensive forest management in the lake vicinity (Lepistö & Saura 1998; Irfanullah 2009; Klimaszyk & Rzymski 2011; Drinan et al. 2013) . Hence, the phytoplankton community in the fertile humic lakes correspond to the phytoplankton community of eutrophic ones (Poniewozik et al. 2011) .
The aim of this study was to evaluate the effect of forest cover in catchment basins on the phytoplankton composition in humic lakes. We speculate that a high contribution of coniferous forest affects physicochemical parameters of water (including increased concentration of humic substances) and, in consequence, the contribution and abundance of planktonic algae such as cyanophytes, chlorophytes and raphidophytes. Additionally, we expect that this effect can be strengthened, when catchment area in relation to lake volume is high.
Material and methods
The research was carried out in 11 lakes, partly protected in nature reserves, located in the Lęczna-W lodawa Lake District in the West Polesie region, Eastern Poland (Table 1) . c 2014 Institute of Botany, Slovak Academy of Sciences Table 1 . The location, properties of catchment basins and morphometric characteristics of the humic lakes in the West Polesie region, according to Wilgat et al. (1991) . Explanations: LFC -less than 60%, HFC -more than 60% of forest cover in catchment basins. The water bodies are small and shallow, and they are generally round shaped with low shoreline complexity (Wilgat et al. 1991) . The studied lakes are devoid of natural inflow and outflow and they are supplied by surface run-off. Only Lake Glinki is connected with the small Tarasienka river (the average annual discharge is 0.29 m 3 s −1 ), which has a weak effect on the lake.
The lakes with coloured waters in the West Polesie region, whose trophic state has the characteristics of both eutrophy and dystrophy, often have nearly neutral water reaction and relatively high calcium concentration. Based on hydrobiological, hydrochemical or floristic criteria, the water bodies were determined as dystrophic, eutrophicdystrophic, humoeutrophic or eutrophic (Górniak 1996; Radwan & Kornijów 1998; Chmiel 2009 ).
The humic lakes in the Lake District varied with respect to land use and forest cover in their catchment basins. The forest stands are coniferous or mixed with a high contribution of Scots pine Pinus sylvestris L. and they have different soil and moisture conditions (Wawer & Urban 1999) . Effect of catchment on the lakes was evaluated using the ratio of catchment area to lake volume (Schindler's coefficient, Table 1 ), hereafter called relative catchment area. In our research land use and morphometric variables of the lakes (Table 1) were assumed to be consistent with data of Wilgat et al. (1991) .
The sampling was performed twice in summer 2007, at the beginning of July and at the end of August. Selected physicochemical properties of water were measured during the course of the field research, i.e. electrolytic conductivity, water reaction (pH) and transparency by Secchi Disk visibility (SD). Water samples for the analysis of total phosphorus (Ptot), water colour, chlorophyll a and the abundance of phytoplankton were collected with a Ruttnertype water sampler (2.0 L capacity) from the water surface throughout the euphotic zone at one meter intervals, and poured into one collective sample. Next, samples for phytoplankton analysis were fixed with Lugol's iodine solution and formalin-glycerine mixture. Additionally, samples for taxonomic analysis of phytoplankton were collected using a plankton net (20 µm mesh size), which were left without fixation in order to observe live specimens under a light microscope (Nikon Eclipse 80i).
The abundance of phytoplankton was determined according to Utermöhl's (1958) method. The water samples were transferred to a settling chamber of 5 mL capacity and after sedimentation, the algal abundance was assessed using an inverted microscope (Zeiss Axiovert 135). In each chamber, small phytoplankton species were counted on the belts at ×400 magnification (at least 200 individuals), bigger forms (filamentous or coccal colonies) were counted over the whole bottom of the chamber at ×200 magnification. The unit length of 100 µm or surface of 300 µm 2 was taken as one individual for filamentous and coccal colonies, respectively.
Other parameters were determined in the laboratory: the concentration of chlorophyll a (Nush 1980) , as an indicator of the phytoplankton biomass, the concentration of total phosphorus (Ptot, the molybdate method, Hermanowicz et al. 1999 ) and water colour (with the spectrophotometric method at 440 nm, in mg Pt L −1 , Lean 1998). Two indices were used to assess the phytoplankton diversity: Shannon's coefficient (H) and evenness (J) (Krebs 2009 ). Only taxonomic groups of phytoplankton with a mean number higher than 10 6 individuals per 1 L of water or frequency higher than 80%, were included in the statistical analysis. Data on the number of algae from different months (July and August) were averaged.
The lakes were divided with respect to forest cover in their catchment basins into two groups according to Furtak et al. (1998) : high forest cover -HFC (more than 60%) and low forest cover -LFC (less than 60%) (Table 1) . Arable land (15.3-49.8%) and meadows (9.5-27.2%) made up the deforested catchment in LFC, whereas scrub vegetation (1-9.25%) and meadows (1-11.8%) were parts of the area in HFC. Data on the trophic state expressed by the hydrochemical dystrophy index (HDI) were used according to Chmiel (2009) . The HDI index was proposed by Górniak (Zieliński et al. 2011 ) and the minimum value of 50 determines the dystrophic state.
Principal factors determining the ecological state of the lakes were identified by Factor Analysis (FA) with Person's correlation coefficient. The model was verified by χ 2 -test and the selection of important factors was performed with Keiser's criterion combined with sufficient proportions criterion. The factors were taken into account if their eigenvalues (λ) were > 1, and if they accounted for 70% of the explained variance. Data were log-transformed prior to analysis. The significance of correlations in the study was analysed using a non-parametric Spearman's test. The differences of physicochemical and biological parameters between the LFC and HFC groups were verified using the Mann-Whitney test (Sokal & Rohlf 1995) . All calculations were performed with Statistica 9.1. and MVSP 3.1.
Results
Based on the physicochemical and biological characteristics of the lakes, two main factors (determining the differentiation of lake), with the following eigenvalues λ 1 = 4.17 and λ 2 = 2.87, were identified in the model of Factor Analysis (FA). The model explained 70.6% of the total variance and fits well the data (χ 2 = 37.7; p < 0.05). The factor 1 was positively correlated with the water conductivity and negatively with the HDI index of the studied lakes (Pearson's r = 0.98-0.99). Conductivity of water in five lakes:Święte, P lotycze, Orchowo, Perespa and Brudzieniec, with the highest values of HDI (usually within the range of 25-50), was low (< 150 µS cm −1 ). The other lakes had much lower HDI (usually < 20) and higher conductivity (> 200 µS cm −1 ). Factor 1 of FA analysis was negatively correlated with the forest cover of the catchment basin ( Table 2 ). The lakes of the HFC group had con- siderably lower conductivity and reaction of water (pH), compared with the lakes of the LFC group. Inversely, higher water colour and HDI values were observed in the HFC than LFC group (Table 3) . However, differences of HDI between both groups were not confirmed by Mann-Whitney test, probably due to the low number of samples used in the analysis. Factor 2 of FA was associated with the lake productivity expressed by chlorophyll-a concentration and water transparency (Pearson's r = 0.65-0.71). Lakes Czarne, P lotycze andŚwięte were characterised by the highest water transparency and low chlorophyll-a concentration, whereas Lakes Rogoźne, Koseniec and Brudzieniec -by the highest chlorophyll-a concentration and low water transparency (Fig. 1) .
The values of factor 2 in the FA analysis were positively correlated with relative catchment area (Schindler's coefficient). According to Schindler's coefficient the lakes were divided into two groups: with higher values (> 10): Brudno, Orchowo, Spólne, Koseniec, Brudzieniec and Rogoźne and much lower values (≤ 4): Glinki,Święte, Perespa, Czarne and P lotycze. Such classification was not in agreement to the HFC and LFC groups based on the forest cover in the catchment basin (Table 1) . The water transparency (SD) were similar in the lakes of both the HFC and LFC groups. Low water transparency was due to the considerable water colour in the lakes of the HFC group while in the lakes of the LFC group the number of phytoplankton was the reason stimulated by a high phosphorus concentration (P tot ) ( Table 3 ). The higher number of phytoplankton in the LFC group could not statistically be related to a higher chlorophyll a concentration although the mean values slightly differed between the lake groups (Table 3, Fig. 1 ).
The structure of the catchment influenced the ecological conditions of the lakes, including the taxonomic composition of phytoplankton. A total of 104 species were identified and they represented nine taxonomic groups: Chlorophyceae (42), Cyanophyceae (20), Euglenophyceae (15), Bacillariophyceae (7), Chrysophyceae (7), Cryptophyceae (6), Dinophyceae (5), Xanthophyceae (1) and Raphidophyceae (1). The abundance of phytoplankton in the lakes of the HFC and LFC groups varied within a broad range: 0.9-44.23 ind. 10 6 L −1 , but the mean abundance of phytoplankton was much higher in the LFC than in the HFC group: 13.8 and 2.8 ind. 10 6 L −1 , respectively (Table 3 ). Similar differences were found in the case of two phytoplankton groups: cyanophytes (LFC = 8.34 and HFC = 0.58 ind. 10 6 L −1 ) and chlorophytes (LFC = 3.01 and HFC = 0.62 ind. 10 6 L −1 ). On the other hand, mean abundance of raphidophytes was higher in HFC (0.67 ind. 10 6 L −1 ) than in LFC (0.13 ind. 10 6 L −1 ) (Fig. 2) . The abundance of the three above mentioned groups was correlated with the forest cover in the catchment basin ( Table 2) .
The lowest species diversity was determined in the lakes with both extremely low and extremely high forest cover in the catchment, and higher diversity occurred in the lakes with intermediate forest cover. Besides the species-poor community, the low biodiversity was also affected by the dominance of chlorophytes and cyanophytes or raphidophytes (Fig. 1) , which was confirmed by low values of evenness (J = 0.48-0.6).
Cyanophytes were represented by filamentous and coccal species. The filamentous forms were most abun- Fig. 3 . The structure of cyanophytes in the humic lakes ordered according to the increasing contribution of forest cover in catchment basins. Explanations: LFC -forest cover < 60%, HFCforest cover > 60%.
dant in the group of LFC lakes (Fig. 3 ) that included the following dominant species from Oscillatoriales: Planktolyngbya limnetica (Lemm.) Kom.-Legn., Limnothrix planctonica (Wo loszyńska) Mefferet, Planktothrix agardhii (Gomont) Anagn. et Kom., as well as some species from Nostocales: Aphanizomenon gracile (Lemm.) Lemm. and Aphanizomenon isatchenkoi (Usacev) Proshkina-Lavrenko. Coccal cyanophytes dominated in the HFC lakes (Fig. 3) , including the three most abundant genera: Microcystis, Woronichinia and Aphanothece. This was confirmed by a significant correlation between the chroococcal:filamentous ratio and the forest cover in the catchment basin (Table 2) .
Chlorophytes were represented mostly by the coccal species: Coenococcus planctonicus Koršhikov and Coelastrum astroideum De Notaris and species from the genera: Scenedesmus, Pediastrum and Tetraedron. Higher contribution of cyanophytes or chlorophytes was occasionally found in the lakes of the HFC group. The most abundant were then coccal species from the genera: Microcystis, Woronichinia and Micractinium, Monoraphidium, respectively.
In the lakes with the largest contribution of forests in the catchment basins (77.5-83.5%): Perespa, Orchowo and Brudzieniec, the raphidophyte Gonyostomum semen (Ehrenberg) Diesing was a regular component of phytoplankton. Its number exceeded 10 6 ind. L −1 of water, hence the high values of chlorophyll a concentration in these lakes were observed (Fig. 1, 2) . However, G. semen was also abundant in one lake of the LFC group -Święte and it was absent in some lakes of the HFC group -Czarne and Brudno (Fig. 1) .
Factor 2, which was related to the lake productivity, was positively correlated with Schindler's coefficient and was not affected by forest cover (Table 2). Therefore, lakes with high relative catchment area (e.g., Rogoźne, Brudzieniec) were characterised by high chlorophyll a concentrations (> 200 µg L) and low transparency of water (< 0.4 m), regardless of the contribution of forests in the catchment. In the lakes with low relative catchment area (e.g.,Święte, Czarne), lower chlorophyll a concentrations (< 90 µg L) and higher transparency of water (> 1.1 m) were generally observed (Fig. 2) .
Among the phytoplankton groups, only the number of dinophytes was dependent on low relative catchment area (Table 2) . Dinophytes were abundant in LakesŚwięte and P lotycze, with low Schindler's coefficient (Table 1 ) and low productivity (Fig. 2) . The numbers of other phytoplankton groups: cryptophytes, euglenophytes, chrysophytes and bacillariophytes did not correlate with any of these catchment characteristics, including forest cover (Table 2 ).
Discussion
The coniferous forests supply the water bodies with humic and biogenic compounds that influence the colour, transparency, reaction and conductivity of the water (Wojciechowski 1999; Irfanullah 2009; Drinan et al. 2013) . The specific taxonomic composition of phytoplankton, including a significant contribution of flagellated species, indicates the important role of humic substances originated from the forests or peatlands surrounding the studied lakes (Wojciechowski 1999; Pęczu la & Szczurowska 2013) .
Our study support the hypothesis that high contribution of coniferous forest affects physicochemical parameters of water and the contribution and abundance of cyanophytes, chlorophytes and raphidophytes. In the lakes with high-forested catchment (HFC) chlorophytes and cyanophytes had a small contribution of the phytoplankton community. Among chlorophytes the most numerous were coccal species from the genera Micractinium and Monoraphidium (group F and X1 according to Reynolds 2006 and Padisák et al. 2009 ). The share of filamentous species in the cyanophytes was negligible, contrary to coccal species from the genus Aphanothece (the group K) and Microcystis or Woronichinia (the group L O and L M ), whose contribution was significant. These coccal species are sensitive to water mixing and are typical of summer epilimnion in meso-and eutrophic lakes (Reynolds 2006; Padisák et al. 2009 ). The forest catchment could restrict the water mixing by reducing the strength of wave action in the discussed lakes. Similarly, the colour of water, caused by humic substances, could be conducive to microstratification, which favoured the development of coccal versus filamentous cyanophytes.
In the lakes of the HFC group the raphidophyte Gonyostomum semen, considered to be an invasive species, dominated (Willén 2003) . The occurrence or bloom of G. semen can be associated with low water reaction and high water colour, independently of the share of forest in the catchment . On the contrary, our study showed that high-forested catchment, which is dominated by coniferous stands (Wawer & Urban 1999) , could be also a predictor of the occurrence of G. semen in the West Polesie region.
Adaptive characteristics of Gonyostomum semen, the group Q (Reynolds 2006; Padisák et al. 2009 ), facilitate the colonization of small, mid-forest lakes with brown coloured water caused by humic substances. This species occurs in waters with moderate fertility and acidification (pH = 5.5-7.0) (Lepistö & Saura 1998; Willén 2003; Rengefors et al. 2012) . G. semen can move in the aquatic environment using a flagellum, searching for the optimal conditions for its development. Moreover, it is able to produce toxins, which can inhibit the development of other algae (Cronberg et al. 1988; Reynolds 2006) . The large size of cells and grazing avoidance strategies hamper the zooplankton pressure and favours the abundant occurrence of G. semen in brown water lakes (Rengefors et al. 2008; Lebret et al. 2012; Johansson et al. 2013) .
The large amount of the raphidophyte in Laké Swięte, in spite of the small forest cover in the catchment basin, was probably caused by the nearly dystrophic state of this lake (Chmiel 2009 ). On the contrary, the absence of G. semen in the lakes Czarne and Brudno of the HFC group, could be affected by high trophic status of the lakes (Radwan & Kornijów 1998) , regardless of the high contribution of forest in the catchment basin.
The high productivity of some lakes of the HFC group may be affected by high contribution of mixotrophic flagellates in phytoplankton, including the dominance of G. semen. Due to the presence of many discoid chloroplasts in a cell (Cronberg et al. 1988) , this species could affect the high biomass of phytoplankton in water. Furthermore, the species is able to prey on bacteria or other small algae (Jones 2000; Rengefors et al. 2008) , which may result in its large amount in water, even in unfavourable light conditions and low concentration of nutrients.
Humic substances in dystrophic lakes with acidic water reaction are bound to nutrients as insoluble complexes and are excluded from the circulation. The biogenic compounds, especially phosphorus, are then to a large extent not available for primary producers and in consequence, lakes are nutrient-poor (Jones 1992) . However, in the humic lakes of the West Polesie region, which have neutral or even alkaline water reaction, these insoluble complexes may disintegrate and thus nutrients may return to circulation and may be available for primary producers (Wojciechowski 1999 ). The concentration of total phosphorus in the studied lakes, especially of the LFC group, was high. This could be a reason of high productivity in the humic lakes, which was not directly correlated with the contribution of forests in the catchment. In lakes with deforested catchments (LFC group), the source of nutrients could be agricultural areas, while in lakes with afforested catchment (HFC group), their source could be the forest itself (Irfanullah 2009; Drinan et al. 2013) . This is consistent with observations performed by Nürnberg & Show (1999) , i.e. productivity of lakes with water coloured by humic substances may by similar or even higher than productivity of lakes with colourless water.
Filamentous cyanophytes and coccal chlorophytes dominated in the lakes where agricultural areas play an important role in the inflow of nutrients. In the lakes of the LFC group, generally non N 2 -fixing cyanophytes dominated: Planktolyngbya, Limnothrix and Planktothrix, which are tolerant to water mixing and light deficiency (shade adapted). These species were included in the functional group S1 (Reynolds 2006; Padisák et al. 2009 ) and are typical of shallow and fertile reservoirs (Rücker et al. 1997; Scheffer et al. 1997) . Among the filamentous cyanophytes, also the genus Aphanizomenon was found, which is N 2 -fixing and is often present in shallow lakes with low nitrogen content (functional group H1) (Reynolds 2006) . The species from the genus: Coelastrum, Pediastrum, Scenedesmus, Tetraedron (group J) and large-size colonies Coenococcus planctonicus (group F) dominated among the coccal chlorophytes. They are also abundant in shallow and nutrient rich lakes (Reynolds 2006; Padisák et al. 2009 ).
Our research showed that the relative catchment area (Schindler's coefficient) can strengthen the effect of coniferous forest cover on lake's physicochemical and biological characteristics that supported our conjecture. The relative catchment area correlated with lake productivity, whereas the forest cover of their catchments had a significant effect on the taxonomic composition of phytoplankton. In the case of lakes with similar values of Schindler's coefficient and highly different afforestation of the catchment basin, the ecosystem productivity was high and affected by different taxonomic groups of algae.
The large number of raphidophytes and the small amount of chlorophytes and cyanophytes in the lakes of the HFC group indicated the lake naturalness. This phytoplankton composition was typical of small, moderately nutrient-rich mid-forest lakes, which have near natural state (Cronberg et al. 1988; Willén 2003) .
